Abstract. We theoretically represent the effectiveness of the odd-order surface for optical designs via an aberration theory. The theory employs an expression of the odd-order surface with aberration coefficients, which are derived by power-series expansion of wavefront aberration with respect to the coordinates of optical surfaces. This expression allows us to understand the aberration characteristics of odd-order surfaces. By applying this aberration theory to the design of extreme ultraviolet lithography optics, we show that odd-order surfaces are effective in reducing higher-order aberrations with fewer coefficients than even-order surfaces do. © The Authors.
Introduction
The usefulness of odd-order surfaces is widely recognized nowadays because the odd-order surface contains oddorder powers of radial coordinate unlike conventional aspherical surfaces and thus provides new degrees of freedom in optical design. A pioneering application of the odd-order surface is found in viewfinder design of instant cameras, 1 for which the odd-order surface plays a major role in correction of astigmatism induced by the tilted curved mirror. The odd-order surface has been applied to imaging optics, such as a projection display 2 and a zoom lens. 3 This surface type has been also applied to lithographic projection systems, 4 in which diffraction-limited imaging performance is required.
Few studies have been performed on odd-order surfaces. Since odd-order surfaces consist of powers of absolute value of radial coordinates, they are rotationally invariant. Thus, one might infer that odd-order surfaces can be expressed as the form of ordinary aspherical surface (even-order power series). However, by considering the differentials of odd-order surfaces, Shibuya et al. 5 proved that odd-order surfaces cannot be represented as an even-order power series. (This is due to the fact that the higher-order differentials of odd-order surfaces cannot be defined at the origin.) This property implies that odd-order surfaces have aberration characteristics different from those of ordinary even-order surfaces. Thus, they concluded that the odd-order surfaces are effective and practically confirmed that odd-order coefficients are effective parameters in optical design. However, this result seems to be contradictory with the completeness of Zernike polynomials because the rotational invariant terms of Zernike polynomials consist only of even-order monomials. Also, the fact that odd-order surfaces can be exactly represented by Zernike polynomials has not been proven. To resolve these problems, Tanabe et al. 6 proved that not only the displacement but also slopes of odd-order surfaces are exactly represented by a finite number of Zernike polynomials. As a result, odd-order surfaces are exactly represented by a finite number of even-order polynomials. (Note that the impossibility of Taylor expansion, which means expansion of odd-order aspherical terms into even-order power series, is not contradictory with the completeness of Zernike polynomials.) They also practically confirmed that the effectiveness of this approximation for the case of Schmidt corrector plate with odd-order terms. However, since the required number of even-order terms, which closely approximates an odd-order surface, is not necessarily realistic for some cases, odd-order surfaces are effective in optical design. To analyze the characteristics of odd-order surfaces, we construct an aberration theory for odd-order surfaces in this paper. Moreover, we study how best to use them for optical design of extreme ultraviolet lithography (EUVL) cameras.
One major derivation of aberration coefficients involves expanding a wavefront function into a power series of pupil coordinates. [7] [8] [9] [10] [11] [12] [13] In Sec. 2, following this conventional method, we derive the aberration coefficients of odd-order surfaces to clarify the usefulness of these surfaces. An aspherical ray trace procedure provides a conversion of aspherical sag into additional optical path length and then gives expansion of wavefront aberrations.
Section 3 shows a design example for EUVL cameras with odd-order surfaces, whereas conventional EUVL camera designs employ only even-order surfaces.
14-16 Tanikawa et al. 4 first introduced odd-order surfaces and demonstrated the effectiveness in aberration correction. Since higher-order gradients of odd-order surfaces are undefined at the origin, the surface figure cannot be intrinsically expanded as the form of the even-order power series. Therefore, the associated wavefront aberrations cannot be expanded, and thus it is impossible to define aberration coefficients at the origin. Such wavefront aberration cannot be allowed for precision optics. To avoid this, we apply odd-order terms into only the surfaces annular in shape in this paper. As a result, we obtain a much improved design that is allowable for up-todate lithography tools. In this case, as predicted by the theoretical analysis in Sec. 2, odd-order surfaces are specifically effective in correcting higher-order coma, astigmatism, and tetrafoil. Moreover, the required number of even-order terms that sufficiently approximates odd-order shape is not realistic. From these two reasons, we conclude that odd-order surfaces provide a new degree of freedom in lens optimization.
Derivation of Wavefront Aberration Coefficients
of Odd-Order Surfaces
Wavefront Seidel Aberrations for Spherical Surfaces
Deriving aberration coefficients involves expanding a wavefront function into power series. [7] [8] [9] [10] [11] [12] [13] In this paper, following the method of Conrady, 7 we derive aberration coefficients by using the optical path differences (OPD) between a ray and the principal ray. This method is easily applied to not only conventional even-order surfaces but also any aspherical surfaces. Figure 1 illustrates the optical relation of the object, the entrance pupil, the exit pupil, and the image in a lens system. For simplicity, the height of the marginal ray at the exit pupil is normalized to unity. This normalization simplifies the ray coordinate.
Expanding the wavefront function into power series of normalized pupil coordinates (ξ; η) provides wavefront aberration coefficients of a single surface. According to Shack's notation, 13 the wavefront function of an ordinary rotational system is expanded as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 0 0
where h means the relative (normalized) image height that lies along y-axis. Also, W ijk are the wavefront aberration coefficients and have the unit of length. In this equation, we implicitly assume that there is rotational symmetry of the optical system and the possibility of Taylor expansion for any system functions, such as surface figure and wavefront aberration. In Eq. (1), the first four coefficients W 000 ; W 200 ; W 111 , and W 020 correspond to the constant piston, the field-dependent piston (the difference between the optical path length of an on-axis ray and that of extra-axial principal ray), the magnification error, and defocus, respectively. The fourth-order coefficients W 040 ; W 131 ; W 222 ; W 220 , and W 311 represent Seidel aberrations and correspond to spherical aberration, coma, astigmatism, field curvature, and distortion, respectively. These five wavefront errors dominantly affect the image quality and thus they are the first target to be corrected.
Wavefront Aberrations Induced by Small Asphericity
In this section, we represent the aspherical contributions of narrow bundles along the principal ray for rotationally symmetric optical systems. If the asphericity is small, the optical path induced by the aspherical sag simply corresponds to the additional wavefront aberration. We consider a sphere-based aspherical surface, which is denoted as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 4 9
where c is the curvature of the base sphere, (X; Y) is the coordinate on the tangent plane at the vertex, the radial coordinate
, and fðX; YÞ is a small asphericity from the base sphere.
Since the intersection point between an incident ray and aspherical surface cannot be analytically derived, an iterative method is employed in practical ray tracing for the aspherical surface. In the meridional section, Fig. 2 shows an incident meridional ray from air to the material refracting at point P on an aspherical surface.
Generally, the lowest order approximation of the aspherical sag from the base sphere provides the additional optical path of an incident skew ray E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 3 6 1
where cos θ denotes the direction cosine of the incident ray along the z-axis and (X 0 ; Y 0 ) is the coordinate of the incident point P 0 projected onto the tangent plane at the vertex. Owing to the normalization of pupil coordinates, the incident point (X 0 ; Y 0 ) is referred to the normalized pupil coordinate (ξ; η) as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 2 6 4 ðX 0 ; Y 0 Þ ¼ ðyξ; yη þȳÞ; (4) Fig. 1 Definition of coordinate system for analyzing aberrations. where y andȳ correspond to the actual paraxial marginal and actual paraxial principal ray height, respectively. Note that while the image height h, which appears in Eq. (1), is normalized by the marginal image height and theȳ is the actual principal ray height. By considering not only an incident skew ray but also an exit skew ray from the surface, the wavefront aberration function Wðξ; η;ȳÞ, which corresponds to the OPD between a ray and the principal ray, is represented as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 6 5 3 Wðξ; η;ȳÞ ¼ ðn cos θ 0 − cos θÞ½fðyξ; yη þȳÞ − fð0;ȳÞ;
where n is the index of the material and cos θ 0 denotes the direction cosine of the exit ray along the z-axis. By applying the Taylor series of fðX; YÞ to Eq. (5) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 5 7 6 Wðξ; η;ȳÞ ¼ ðn cos θ 0 − cos θÞ
where each derivative
∂X m ∂Y n ð0;ȳÞ. This formulation is the basis to derive wavefront aberration coefficients.
Aberration Coefficients of Odd-Order Aspherical Surfaces
We demonstrate the derivation of aberration coefficients of the second-and fourth-order aspherical surfaces. These surfaces assume a major role in Seidel aberration theory. The second-order aspherical surface is represented by the simple quadric form. Namely E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 3 0 7 fðX;
where A is the aspherical coefficient. By substituting Eq. (7) into Eq. (5), the aberration coefficients are calculated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 2 5 3
Wðξ; η;ȳÞ ¼ Aðn − 1Þ cos θ½ðyξÞ 2 þ ðyη þȳÞ
In this expression, the first term represents the power added to the base surface shape. The second term is the wavefront tilt that means a magnification error. The fourth-order surface is also represented as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 1 5 9 fðX; YÞ ¼ AðX
where A is the fourth-order aspherical coefficient. The wavefront function in Eq. (5) is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 3 2 6 ; 7 5 2
The above equation represents Seidel aberration coefficients of a fourth-order surface: distortion, astigmatism, coma, and spherical aberrations, respectively. Note that dividing the second term into astigmatism and field curvature is possible.
The method described above enables the calculation of aberration coefficients for any aspherical surfaces. We derive explicit expressions for the first-and third-order surfaces, which will be applied to the extreme ultraviolet (EUV) optical design described in Sec. 3.
Odd-order aspherical surfaces are expressed by the polynomial to the odd powers of r, which become half-integer (8) contains an infinite number of terms. Namely E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 5 1 0
for the first-order aspherical surface and E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 3 2 6 ; 4 2 4
Wðξ;
for the third-order aspherical surface. By classifing terms in Eqs. (11) and (12) by the order of pupil coordinates, Table 1 represents the aberration components of the first-, second-, third-and fourth-order aspherical surfaces.
The ordinary even-order aspherical surfaces, which are the second-and fourth-order aspherical surface in this table, correspond to Gaussian optics and Seidel aberration theory. However, the aberration coefficients of odd-order aspherical surfaces are completely different from those of the fourth-order aspherical surface. For example, similar to astigmatism, the y 4 aberration coefficients of odd-order surfaces are not rotationally invariant while that of the fourth-order surface is just Seidel spherical aberration and rotationally invariant. The y 4 aberration coefficient of the first-order aspherical surface is decomposed by Zernike polynomials as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 3 2 6 ; 1 6 8
where ξ ¼ ρ cos ϕ and η ¼ ρ sin ϕ in the pupil plane. The classification of Zernike polynomials used in Eq. (13) is shown in Table 2 .
This expression represents that the y 4 aberration coefficient of the first-order aspherical surface is the combination of tetrafoil, sixth-order astigmatism, and Seidel astigmatism. As Eq. (13), the y 4 aberration coefficient of the third-order aspherical surface W ¼ ξ 4 also consists of the nonrotational Zernike polynomials in Table 2 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 6 3 ;
From this point of view, the odd-order aspherical surfaces, which are considered as low-order aspherical surface, are effective in aberration correction because their aberration coefficients contain higher-order Zernike polynomials, such as Z 5 , Z 12 , and Z 17 .
Design Application

Outline of Optical Design
Since the beginning of 1990s, optical designs of EUVL cameras have been researched extensively. Since no refractive material is available for EUV region, all EUVoptical systems are designed with mirrors. Among them a six-mirror configuration that includes one pupil relay is optimal for the balance between the field width and nonobscured numerical aperture. All optical surfaces are rotationally symmetrical around the common axis. However, the aperture of each surface is decentered, and the axial point is not imaged by the system. Figure 3 illustrates the basic configuration of sixmirror EUVL projection system.
The system in Fig. 3 consists of three groups. The reticle side group (M1 and M2) reduces the angle of rays that enter the pupil relay group (M3 and M4) in order to correct the extra-axial ray aberrations. The aperture stop is placed at M2. The pupil relay group (M3 and M4) makes the image of the aperture stop onto M5, which is placed in the wafer side group. Also, the intermediate reticle image is formed between M4 and M5. The wafer side group resembles the reticle side group.
In this section, we describe two designs of this six-mirror EUVL camera to disclose the effectiveness of odd-order aspherical surfaces. One is designed with only evenorder aspherical terms and the other with additional odd-order terms. Table 3 represents the optical design specifications:
In optical design, the merit function is constructed so that the real magnification and real telecentricity are constrained only in the exposure field, that is, this optical system does not necessarily satisfy these specifications in the sense of paraxial optics. Further, the merit function based on wavefront aberrations with Gaussian quadrature is suitable for such a 
Sixth-order astigmatism highly corrected optical system. All designs are achieved with Code-V ™ . The radii of base spheres, the air spaces, and the aspherical coefficients (excluding the conic constant) are chosen for optimization. Table 4 represents a conventional EUVL system that is designed with only sphere-based even-order aspherical terms.
Design with Even-Order Aspherical Terms
In this design, the aperture stop is placed on the second surface that is indicated by the asterisk. The aspherical surface shapes are described by the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 3 2 6 ; 6 1 5
A n ρ n ; (15) where c is the curvature of the base sphere, r is the radial coordinate, and ρ is the normalized radial coordinate of which normalization radius is indicated in Table 4 . To meet the specification, even-order aspherical terms up to 12th order are needed. However, the Strehl ratios of this design are at the level of 0.995, which are not sufficient for up-to-date lithography tools. 17 As we have practically confirmed by a study of lens design, the use of evenorder aspherical coefficients up to 30th-, the second-order term, and the conic coefficient has little effect on wavefront improvement in this case. We infer that the ineffectiveness of the second order is based on the fact that the second-order aspherical term only generates the power and magnification error that do not involve the higher-order aberrations. Also, since the conic constant can be closely represented by ordinary even-order aspherical surface, it does not improve the optical performance significantly. Figure 4 shows the wavefront aberration of the bottom, center, and top of the field. Note that the scale is −λ∕10 to þλ∕10. The residual root-mean-square (RMS) wavefronts are 0.012, 0.008, 0.011 waves, respectively. Also the Strehl ratio is 0.995, 0.997, and 0.996. Table 5 and Fig. 5 show the Zernike decomposition of the wavefront aberrations. The strong asymmetry in the pupil 
Improvement by Utilizing Odd-Order Aspherical Terms
As shown in Sec. 2, odd-order aspherical surfaces have the capability to control sixth-order wavefront aberrations (Z 12 and Z 17 ) independently. Introducing odd-order aspherical terms into M3 and M4 reduces the residual wavefront aberration significantly. Table 6 shows an optical design form with odd-order aspherical terms. Table 7 compares the residual RMS wavefront of even-order design and that of the design using both evenand odd-order terms. In the design with odd-order terms, the Strehl ratios over the entire exposure field are almost 0.999 as required for up-to-date lithography tools.
17 Figure 6 shows the wavefront aberrations of the bottom, center, and top of the field. The scale is the same as Fig. 4 . Table 8 and Fig. 7 show the Zernike decomposition of the wavefront aberrations. By comparing Tables 5 and 8 , the use of odd-order aspherical terms in M3 and M4 does not change the balance of Seidel aberrations of coma (Z 8 ) and astigmatism (Z 5 ). The sixth-order astigmatism (Z 12 ) and tetrafoil (Z 17 ) are evidently reduced, while lower-order trefoil (Z 11 ) still remains. Also, sixth-order coma (Z 15 ) is reduced. In Sec. 2.3, we have proven that the y 4 aberration coefficients, which correspond to spherical aberration for ordinary fourth-order aspherical term, of the first-and the third-order aspherical surfaces contain tetrafoil (Z 17 ) and the sixth-order astigmatism (Z 12 ). Hence, odd-order surfaces have stronger capabilities of correcting nonsymmetrical aberrations than even-order surfaces, as shown in this design example.
Practical Impossibility of Expansion of Odd-Order
Aspherical Terms into Even-Order Power Series
Tanabe et al. 6 have derived the expansion formula for monomial and described the possibility of the close approximation of odd-order aspherical terms by a finite number of evenorder aspherical terms. As proven in Ref. 6 , the Zernike expansion of monomial t α is given as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 3 2 6 ; 3 4 7
where ΓðxÞ is the gamma function and Q n ðtÞ ¼ ð−1Þ n n! d n dt n t n ð1 − tÞ n , which correspond to rotationally symmetric Zernike polynomials. The variable t is the square of the normalized pupil coordinate, that is, t ¼ r 2 . In practical lens design, the number of available aspherical coefficients is realistically finite. For example, the maximum order of "odd-order asphere" in Code-V is limited to the 30th-order coefficients. "extended odd asphere" in Zemax allows 240 aspherical coefficients. However, such an extremely high-order coefficient is not practically meaningful in optical design. Table 9 represents the even-order expansion coefficients of odd-order aspherical surfaces up to 11th that were used in the practical design described in Sec. 3.3. Note that the radial coordinate r is used instead of t ¼ r 2 and this is directly derived from Eq. (16) . All odd-order aspherical surfaces are expanded by rotationally invariant Zernike polynomials (powers of radius are up to 30th) and then rearranged to the conventional even-order polynomial up to the 30th order, the actual upper limit of Code-V. This table shows that the expansion coefficients of lower odd-order surfaces contain very large positive and negative values. For the first-order surface, the coefficients over 12th are 1E6 or 1E7 order in absolute value. The impossibility of expansion of odd-order surfaces into even-order power series leads to such diverging and vibrating expansion coefficients.
By using Table 9 , one obtains even-order polynomials that approximate the odd-order aspherical mirror shapes (M3 and M4). Figure 8 shows the approximation error of M3 for example. The effective apertures of such mirrors are annular in shape, and the minimum normalized radii are larger than at least 0.8. By this approximation, the resultant wavefront errors of total optical system are represented in Fig. 9 . This result shows that the expansion of odd-order surfaces into evenorder power series does not work well in extreme short wavelength region, even though we use the maximum number of terms in Code-V. Actually, the wavefront errors exceed 10λ that cannot be accepted in high-performance optics at all. Thus, we conclude that the odd-order surfaces have unique characteristics for aberration correction and provide degrees of freedom in optical design.
In addition, as argued in Sec. 2.3, odd-order aspherical surfaces are effective in correcting higher-order aberrations of extra-axial image points. Thus, we note that odd-order aspherical surfaces are also valuable in optical designs, such as highly decentered or tilted projection display optics, head-up displays, and infrared all-reflective systems.
Summary
We have theoretically investigated the aberration properties of odd-order aspherical surfaces and reported an application of odd-order aspherical surfaces for concrete optical design of EUVL cameras. By constructing aberration theory for odd-order aspherical surfaces, we have analytically described the extra-axial wavefront aberrations induced by them. This theory is based on Taylor expansion of wavefront aberration function induced by the aspherical deviation from the base sphere. By this analysis, we disclosed that aberration coefficients of low odd-order aspherical surfaces contain higher-order aberrations, such as astigmatism and tetrafoil, Thus, we theoretically predicted that odd-order aspherical surfaces are effective in aberration correction.
In design application for EUVL cameras, we confirmed that odd-order aspherical surfaces are effective for correcting higher-order aberrataions. Moreover, we confirmed that these odd-order aspherical surfaces are not exactly represented by the realisitc number of even-order terms. Hence, we have concluded that odd-order aspherical surfaces provide degree of freedom in aberration correction and are practically effective at least for high precision and short exposure wavelength optics.
Referring to the theoretical investigations for aberration property of odd-order surface and the design studies of EUVL optics, odd-order aspherical surfaces are effective in correcting higher-order aberrations for extra-axial points because the associated wavefront functions contain higherorder aberrations. Thus odd-order aspherical surfaces are valuable in optical design of not only the EUVL example described here but also highly tilted or decentered optics, such as projection display optics, head-up displays, and all-reflective infrared systems. Fig. 8 Approximation error of M3 via using the expansion described in Table 9 .
(a) (b) (c) Tanabe and Shibuya: Aberration properties of odd-order surfaces in optical design
